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(57) ABSTRACT 

A method of a bulk tri-gate transistor having stained 
enhanced mobility and its method of fabrication. The present 
invention is a nonplanar transistor having a strained 
enhanced mobility and its method of fabrication. The tran 
sistor has a semiconductor body formed on a semiconductor 
substrate wherein the semiconductor body has a top surface 
on laterally opposite sidewalls. A semiconductor capping 
layer is formed on the top surface and on the sidewalls of the 
semiconductor body. A gate dielectric layer is formed on the 
semiconductor capping layer on the top surface of a semi 
conductor body and is formed on the capping layer on the 
sidewalls of the semiconductor body. A gate electrode hav 
ing a pair of laterally opposite sidewalls is formed on and 
around the gate dielectric layer. A pair of source/drain 
regions are formed in the semiconductor body on opposite 
sides of the gate electrode. 
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FIG. 1A (PRIQR ART) 
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BULK NON-PLANAR TRANSISTOR HAVING 
STRAINED ENHANCED MOBILITY AND 

METHODS OF FABRICATION 

[0001] This is a Divisional Application of Ser. No. 10/816, 
311 ?led Mar. 31, 2004, Which is presently pending 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to the ?eld of inte 
grated circuit manufacturing and more particularly to the 
formation of a strain enhanced mobility bulk nonplanar 
transistor and its method of fabrication. 

[0004] 2. Discussion of Related Art 

[0005] Modern integrated circuits, such as microproces 
sors, are made up of literally hundreds of millions of 
transistors coupled together. In order to improve the perfor 
mance and poWer of integrated circuits, neW transistor 
structures have been proposed. A nonplanar transistor, such 
as a tri-gate transistor, has been proposed to improve device 
performance. Atri-gate transistor 100 is illustrated in FIGS. 
1A and 1B. FIG. 1A is an illustration of a overhead/side 
vieW of a tri-gate transistor 100 and FIG. 1B is an illustra 
tion of a cross-sectional vieW taken through the gate elec 
trode of a tri-gate transistor 100. Tri-gate transistor 100 
includes a silicon body 102 having a pair of laterally 
opposite sideWalls 103 and a top surface 104. Silicon body 
102 is formed on an insulating substrate including an oxide 
layer 106 Which in turn is formed on a monocrystalline 
silicon substrate 108. A gate dielectric 110 is formed on the 
top surface 104 and on the sideWalls 103 of silicon body 102. 
A gate electrode 120 is formed on the gate dielectric layer 
110 and surrounds the silicon body 102. A pair of source/ 
drain regions 130 are formed in the silicon body 102 along 
laterally opposite sideWalls of gate electrode 120. Transistor 
130 can be said to be a tri-gate transistor because it essen 
tially has three gates (G1, G2, G3) Which essentially form 
three transistors. Tri-gate transistor 100 has a ?rst gate/ 
transistor on one side 103 of silicon body 102, a second 
gate/transistor on a top surface 104 of silicon body 102 and 
a third gate/transistor on the second side 103 of silicon body 
102. Each transistor provides current ?oW proportional to 
the sides of silicon body 102. The tri-gate transistor are 
attractive because they have large current per area Which 
improves device performance. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] FIG. 1A shoWs an overhead vieW of a standard 
tri-gate transistor. 

[0007] FIG. 1B shoWs a cross-sectional vieW of standard 
tri-gate transistor. 

[0008] FIG. 2 is an illustration of a bulk tri-gate transistor 
having a strain induced mobility in accordance With an 
embodiment With the present invention. 

[0009] FIGS. 3A-3I illustrate a method of forming a bulk 
tri-gate transistor having a strain enhanced mobility in 
accordance With an embodiment of the present invention. 

[0010] FIGS. 4A-4C illustrate a method of forming a bulk 
tri-gate transistor having a strain enhanced mobility in 
accordance With an embodiment of the present invention. 
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[0011] FIG. 5 illustrates crystal lattices for a bulk silicon, 
a strained silicon germanium semiconductor body and a 
stained silicon capping layer. 

DETAILED DESCRIPTION OF THE PRESENT 
INVENTION 

[0012] Embodiments of the present invention are bulk 
nonplanar transistors having strained enhanced mobility and 
their methods of fabrication. In the folloWing description, 
numerous speci?c details have been set forth in order to 
provide a thorough understanding of the present invention. 
In other instances, Well knoWn semiconductor processing 
and fabrication techniques have not been set forth in par 
ticular detail in order to not unnecessarily obscure the 
present invention. 

[0013] Embodiments of the present invention are bulk 
nonplanar transistors having strained enhanced mobility and 
their methods of fabrication. Embodiments of the present 
invention include a semiconductor body Which places a 
capping layer formed on or around the semiconductor body 
under strain. A capping layer under strain increases the 
mobility of carriers in the device Which increases the current 
of the device Which can be used to improve circuit speeds. 

[0014] An eXample of a bulk nonplanar or tri-gate tran 
sistor 200 having strain enhanced mobility is illustrated in 
FIG. 2. Transistor 200 is formed on a bulk semiconductor 
substrate 202. In an embodiment of the present invention, 
the substrate 202 is a monocrystalline silicon substrate. 
Formed in semiconductor substrate 202 are a pair of spaced 
apart isolation regions 204, such as shalloW trench isolation 
(STI) regions, Which de?ne the substrate active region 206 
therebetWeen. Substrate 202, hoWever, need not necessarily 
be a silicon monocrystalline substrate and can be other types 
of substrates, such as but not limited to germanium (Ge), 
silicon germanium (S'ngGey), gallium arsenide (GaAs), InSb, 
GaP, and GaSb. The active region 206 is typically doped to 
a p type conductivity level betWeen 1><1016 to 1><1019 
atoms/cm3 for an n type device and doped to an n type 
conductivity level betWeen 1><106 to 1><109 atoms/cm3 for a 
p type device. In other embodiments of the present inven 
tion, the active region 206 can be an undoped semiconduc 
tor, such as an intrinsic or undoped silicon monocrystalline 
substrate. 

[0015] Transistor 200 has a semiconductor body 208 
formed on active substrate region 206 of bulk substrate 202. 
The semiconductor body 208 has a top surface 209 and a 
pair of laterally opposite sideWalls 211. The top surface 209 
is separated from the bottom surface formed on semicon 
ductor substrate 206 by a distance Which de?nes the body 
height. The laterally opposite sideWalls 211 of the semicon 
ductor body 208 are separated by a distance Which de?nes 
the body Width. The semiconductor body 208 is a monoc 
rystalline or single crystalline semiconductor ?lm. In an 
embodiment of the present invention, the semiconductor 
body 208 is formed from a semiconductor material different 
than the semiconductor used to form the bulk substrate 202. 
In an embodiment of the present invention, the semicon 
ductor body 208 is formed from a single crystalline semi 
conductor having a different lattice constant or siZe than the 
bulk semiconductor substrate 202 so that the semiconductor 
body 208 is placed under strain. In an embodiment of the 
present invention, the bulk semiconductor substrate is a 
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monocrystalline silicon substrate and the semiconductor 
body 208 is a single crystalline silicon-germanium alloy. In 
an embodiment of the present invention, the silicon germa 
nium alloy comprises betWeen 540% germanium and ideally 
approximately betWeen 15-25% germanium. 

[0016] In an embodiment of the present invention, the 
bulk semiconductor substrate 202 is a monocrystalline sili 
con substrate and the semiconductor body 208 is a silicon 
carbon alloy. 

[0017] In an embodiment of the present invention, semi 
conductor body 208 is formed to a thickness less than the 
amount at Which the exterior surfaces of the semiconductor 
body 208 Will cause relaxation in the crystal lattice. In an 
embodiment of the present invention, semiconductor body 
208 is formed to a thickness betWeen 100-2000 A and more 
particularly betWeen 200-1000 In an embodiment of the 
present invention, the thickness and height of the semicon 
ductor body 208 are approximately the same. 

[0018] In an embodiment of the present invention, the 
Width of the semiconductor body 208 is betWeen half the 
body 208 height to tWo times the body 208 height. In an 
embodiment of the present invention, semiconductor body 
208 is doped to a p type conductivity With a concentration 
betWeen 1><106 to 1><109 atoms/cm3 for an n type semicon 
ductor device and is doped to an n type conductivity With a 
concentration betWeen 1><106 to 1><109 atoms/cm3 for a p 
type semiconductor device. In an embodiment of the present 
invention, the semiconductor body 208 is intrinsic semicon 
ductor, such as an undoped or intrinsic silicon ?lm. 

[0019] Transistor 200 includes a semiconductor capping 
layer 210 formed on the sideWalls 211 of semiconductor 
body 208 as Well as on the top surface 209 of semiconductor 
body 208. Semiconductor capping layer 210 is a single 
crystalline semiconductor ?lm. In an embodiment of the 
present invention, the semiconductor capping layer 210 is 
formed of a semiconductor material having a different lattice 
constant than the semiconductor body 208 so that a strain is 
formed in the capping layer. In an embodiment of the present 
invention, the capping layer has a tensile strain. A tensile 
strain is thought to improve the mobility of electrons. In an 
embodiment of the present invention, the capping layer has 
a compressive strain. A compressive strain is thought to 
improve hole mobility. In an embodiment of the present 
invention, current ?oWs in a direction perpendicular to the 
strain in capping layer 210. In an embodiment of the present 
invention, the strain in the capping layer 210 on the side 
Walls 211 of semiconductor body 208 is greater than the 
strain in the capping layer 210 on the top surface 209 of 
semiconductor body 208. 

[0020] In an embodiment of the present invention, the 
semiconductor capping layer 210 is a single crystalline 
silicon ?lm. In an embodiment of the present invention, the 
capping layer 210 is a single crystalline silicon ?lm formed 
on a silicon-germanium alloy body 208. Asingle crystalline 
silicon ?lm formed on a silicon-germanium alloy semicon 
ductor body 208 Will cause the single crystalline silicon ?lm 
to have a tensile stress. In an embodiment of the present 
invention, the capping layer 210 is a single crystalline 
silicon ?lm formed on a silicon-carbon alloy semiconductor 
body 208. A single crystalline silicon capping layer 210 
formed on a silicon-carbon alloy semiconductor body 208 
Will cause the single crystalline silicon ?lm 210 to have a 
compressive stress. 
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[0021] In an embodiment of the present invention, the 
semiconductor capping layer 210 is formed to a thickness 
less than the amount at Which the lattice of the single 
crystalline ?lm Will relax. In an embodiment of the present, 
the semiconductor capping layer 210 is formed to a thick 
ness betWeen 50-300 A. In an embodiment of the present 
invention, the thickness of the capping layer on the sideWalls 
211 of semiconductor body 208 is the same as the thickness 
of the capping layer 210 on the top surface 209 of semi 
conductor body 208 as illustrated in FIG. 2. In an embodi 
ment of the present invention, the semiconductor capping 
layer 210 is formed thicker on the top surface of the 
semiconductor body 208 than on the sideWalls 211, such as 
shoWn, for example, in FIG. 4C. 

[0022] Transistor 200 includes a gate dielectric layer 212. 
Gate dielectric layer 212 is formed on capping layer 210 
formed on the sideWalls 211 of semiconductor body 208 and 
is formed on semiconductor capping layer 210 formed on 
the top surface 209 of semiconductor body 208. Gate 
dielectric layer 210 can be any Well knoWn gate dielectric 
layer. In an embodiment of the present invention, the gate 
dielectric layer is a silicon dioxide (SiOZ), silicon oxynitride 
(SiOXNy), or a silicon nitride (Si3N4) dielectric layer. In an 
embodiment of the present invention, the gate dielectric 
layer 212 is a silicon oxynitride ?lm formed to a thickness 
betWeen 5-20 In an embodiment of the present invention, 
the gate dielectric layer 212 is a high K gate dielectric layer, 
such as a metal oxide dielectric, such as but not limited to 
tantalum pentaoxide (TaZOS), titanium oxide (TiOZ), 
hafnium oxide (HfO) and Zirconium oxide (ZrO). Gate 
dielectric layer 212, hoWever, can be other types of high K 
dielectrics, such as but not limited to PZT and BST. 

[0023] Transistor 200 includes a gate electrode 214. Gate 
electrode 214 is formed on and around the gate dielectric 
layer 212 as shoWn in FIG. 2. Gate electrode 214 is formed 
on and adjacent to gate dielectric layer 212 formed on 
capping layer 210 formed on sideWall 211 of semiconductor 
body 208 and is formed on gate dielectric layer 212 formed 
on capping layer 210 formed on the top surface 209 of 
semiconductor body 208 and is formed on or adjacent to gate 
dielectric layer 212 formed on capping layer 210 formed on 
sideWall 211 of gate electrode 208 as shoWn in FIG. 2. Gate 
electrode 214 has a pair of laterally opposite sideWalls 216 
separated by a distance Which de?nes the gate length (Lg) of 
transistor 200. In an embodiment of the present invention, 
the laterally opposite sideWalls 216 of gate electrode 214 run 
in a direction perpendicular to the laterally opposite side 
Walls 211 of semiconductor body 208. Gate electrode 214 
can be formed of any suitable gate electrode material. In an 
embodiment of the present invention, gate electrode 214 
comprises polycrystalline silicon ?lm doped to a concentra 
tion density betWeen 1><109 to 1><102O atoms/cm3. Gate 
electrode 214 can be doped to an n type conductivity for an 
n type device and p type conductivity for a p type device. In. 
an embodiment of the present invention, the gate electrode 
can be a metal gate electrode. In an embodiment of the 
present invention, the gate electrode 214 is formed of a 
metal ?lm having a Work function Which is tailored for an n 
type device, such as a Work function betWeen 3.9 eV to 4.2 
eV. In an embodiment of the present invention, the gate 
electrode 214 is formed from a metal ?lm having a Work 
function tailored for a p type device, such as a Work function 
betWeen 4.9 eV to 5.2 eV. In an embodiment of the present 
invention, the gate electrode 214 is formed from a material 
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having midgap Work function between 4.6 to 4.8 eV. A 
midgap Work function is ideal for use When semiconductor 
body 208 and capping layer 210 are intrinsic semiconductor 
?lms. It is to be appreciated that gate electrode 214 need not 
necessarily be a single material and can be composite stack 
of thin ?lms, such as but not limited to polycrystalline 
silicon/metal electrode or metal polycrystalline silicon elec 
trode. 

[0024] Transistor 200 has a pair source/drain regions 
formed in semiconductor body 208 as Well as in capping 
layer on opposite sides of a laterally opposite sideWalls 216 
of gate electrode 214 as shoWn in FIG. 2. The source/drain 
regions 218 are doped to an n type conductivity When 
forming an n type device and doped to a p type conductivity 
When forming a p type device. In an embodiment of the 
present invention, the source/drain regions have doping 
concentration of betWeen 1><1019 to 1><1021 atoms/cm3. The 
source/drain regions 218 can be formed of uniform concen 
tration or can include subregions of different concentrations 
or doping pro?les, such as tip regions (e.g., source/drain 
extensions). In an embodiment of the present invention, 
When transistor 200 is a symmetrical transistor the source 
and drain regions Will have the same doping concentration 
pro?le. In an embodiment of the present invention, transistor 
200 is an asymmetrical transistor, the source region and 
drain region may vary in order to obtain particular electrical 
characteristics. 

[0025] The portion of the semiconductor body 208 and 
capping layer 210 located betWeen the source/drain regions 
216 and beneath the gate electrode 214 de?nes a channel 
region of the transistor. The channel region can also be 
de?ned as the area of semiconductor body 208 and capping 
layer 210 surrounded by gate electrode 214. The source/ 
drain regions typically extend slightly beneath the gate 
electrode through, for example, diffusion to de?ne the 
channel region slightly smaller than the gate electrode length 
(Lg). When transistor 300 is turned “ON” an inversion layer 
is formed in the channel region of the device Which forms a 
conductive channel Which enables current to travel betWeen 
the source/drain region 340. The inversion layer or conduc 
tive channel forms in the surface of the capping layer on the 
sideWalls 211 of semiconductor body 208 as Well as in the 
surface of capping layer 210 on the top surface 209 of 
semiconductor body 208. 

[0026] By providing a gate dielectric layer 212 and a gate 
electrode 214 Which surrounds the semiconductor body 208 
and capping layer 210 on three sides, the nonplanar transis 
tor is characteriZed as having three channels and three gates, 
one gate (G1) Which extends betWeen the source/drain 
regions on one side 211 of semiconductor body 208, a 
second gate (G2) Which extends betWeen the source/drain 
regions on the top surface 209 of semiconductor body 208 
and the third (G3) Which extends betWeen the source/drain 
regions on sideWall 211 of semiconductor body 208. The 
gate “Width” (GW) of transistor 200 is the sum of the Width 
of the three channel regions. That is, the gate Width of 
transistor 200 is equal to the height of semiconductor body 
208 plus the thickness of the capping layer on the top surface 
of sideWall 211, plus the Width of semiconductor body 208 
plus the thickness of the capping layer on each of the sides 
211 of semiconductor body plus the height of semiconductor 
body 208 plus the thickness of capping layer 210 on the top 
surface 209 of semiconductor body 208. Larger “Width” 
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transistor can be obtained by using multiple semiconductor 
bodies 208 and capping layers surrounded by a single gate 
electrode, such as illustrated in FIG. 3I. 

[0027] Although a tri-gate transistor 200 is illustrated in 
FIG. 2, the present invention is equally applicable to other 
nonplanar transistors. For example, the present invention is 
applicable to a “?nfet” or a double gate transistor or just tWo 
gates are formed on opposite sides of the semiconductor 
body. Additionally, the present invention, is applicable to 
“omega” gates or Wrap around gate devices Where the gate 
electrode Wraps around the semiconductor body as Well as 
underneath a portion of the semiconductor body. Perfor 
mance of “?nfet” devices and “omega” devices can be 
improved by including a strained capping layer 210 formed 
on a semiconductor body 208 and thereby enhancing the 
mobility of carriers in the device. It is to be appreciated that 
a nonplanar device is a device Which When turned “ON” 
forms a conductive channel or a portion of the conductive 
channel in a direction perpendicular to the plane of the 
substrate 202. A nonplanar transistor can also be said to be 
a device Where the conductive channel regions are formed 
both in the horiZontal and vertical directions. 

[0028] FIGS. 3A-3I illustrate a method of forming a bulk 
nonplanar transistor having a strain enhanced mobility in 
accordance With an embodiment of the present invention. 
First a semiconductor substrate 300 is provided as shoWn in 
FIG. 3A. In an embodiment of the present invention, 
semiconductor substrate 300 is a monocrystalline silicon 
substrate. Substrate 300 need not necessarily be a silicon 
substrate and can be other types of substrates, such as a 
silicon germanium substrate, a germanium substrate, a sili 
con germanium alloy, a gallium arsenide, InSb, and GaP. In 
an embodiment of the present invention, the semiconductor 
substrate 300 is an intrinsic (i.e., undoped) silicon substrate. 
In other embodiments of the present invention, the semi 
conductor substrate 300 is doped to a p type or n type 
conductivity With a concentration betWeen 1><106 to 1><1019 
atom/cm3. Next, a mask having mask portions 302 for 
forming isolation regions is formed on substrate 300 as 
shoWn in FIG. 3A. In an embodiment of the present inven 
tion, the mask is an oxidation resistant mask. In an embodi 
ment of the present invention, the mask portions 302 com 
prise a thin pad oxide layer 304 and a thicker silicon nitride 
or oxidation resistant layer 306. The mask portions 302 
de?ne active regions 308 in substrate 300 Where transistor 
bodies are to be formed. The mask portions 302 can be 
formed by blanket depositing a pad oxide layer and then a 
silicon nitride layer over substrate 300. Next, Well knoWn 
photolithography techniques are used to mask, expose and 
develop a photoresist masking layer over locations Where 
mask portions 302 are to be formed. The nitride ?lm 306 and 
the pad oxide layers 304 are then etched in alignment With 
the formed photoresist mask to form mask portions 302 as 
shoWn in FIG. 3A. 

[0029] In an embodiment of the present invention, mask 
portions 302 have a Width (W1) Which is the minimum Width 
or minimum feature dimension (i.e., critical dimension 
(CD)) Which can be de?ned utiliZing photolithography in the 
fabrication of the transistor. Additionally, in an embodiment 
of the present invention, mask portions 302 are separated by 
a distance D1 Which is the minimum distance Which can be 
de?ned utiliZing photolithography in the fabrication process. 
That is, mask portions 302 have the smallest dimension and 
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are spaced apart by the smallest dimension (i.e., critical 
dimensions) Which can be reliably and achieved utilizing the 
photolithography process used to fabricate the transistor. In 
this Way, mask portions 302 are de?ned to have the smallest 
siZe and greatest density capable of being achieved With the 
photolithography process used in fabrication of the transis 
tor. 

[0030] In an embodiment of the present invention, mask 
portions 302 have a thickness (T1) Which is equal to or 
greater than the thickness or height desired for the subse 
quently formed semiconductor body or bodies. 

[0031] Next, as shoWn in FIG. 3B, the exposed portions of 
semiconductor 300 are etched in alignment With the outside 
edges of mask portion 302 to form trench openings 310. The 
trench openings are etched to a depth sufficient to isolate 
adjacent transistors from one another. 

[0032] Next, as shoWn in FIG. 3C, the trenches are ?lled 
With a dielectric layer 312 to form shalloW trench isolation 
(STI) regions 312 in substrate 300. In an embodiment of the 
present invention, the dielectric layer is formed by ?rst 
groWing a thin liner oxide in the bottom of sideWalls of 
trench 310. Next, trench 312 is ?lled by blanket depositing 
an oxide dielectric layer over the liner oxide by, for example, 
a high density plasma (HDP) chemical vapor deposition 
process. The ?ll dielectric layer Will also form on the top of 
mask portions 302. The ?ll dielectric layer can then be 
removed from the top of mask portions 302 by, for example, 
chemical mechanical polishing. The chemical mechanical 
polishing process is continued until the top surface of mask 
portions 302 is revealed and the top surface of shalloW 
trench isolation regions 312 substantially planar With the top 
surface of mask portion 302 as shoWn in FIG. 3C. 

[0033] Although shalloW trench isolation regions are ide 
ally used in the present invention, other Well knoWn isolation 
regions and techniques, such as local oxidation of silicon 
(LOCOS) or recessed LOCOS may be utiliZed. 

[0034] Next, as shoWn in FIG. 3D, mask portions 302 are 
removed from substrate 300 to form semiconductor body 
openings 314. First a silicon nitride portion 306 is removed 
utiliZing an etchant Which etches aWay the oxidation resis 
tant or silicon nitride portion 306 Without signi?cantly 
etching the isolation regions 312. After removing silicon 
nitride portion 306, the pad oxide portion 304 is removed. 
Pad oxide portion 304 can be removed, for example, With a 
Wet etchant comprising hydro?uoric acid Removing 
of mask portions 302 forms a semiconductor body opening 
or trench 314 having substantially vertical sideWalls. The 
vertical sideWall enables the semiconductor body to be 
groWn Within the trench and con?ned therein to enable a 
semiconductor body to be formed With nearly vertical side 
Walls. 

[0035] Next, as shoWn in FIG. 3E, a semiconductor body 
?lm 316 is formed in opening 314 as shoWn in FIG. 3E. In 
an embodiment of the present invention, the semiconductor 
body ?lm 316 is an epitaxial semiconductor ?lm. In an 
embodiment of the present invention, When a strain 
enhanced semiconductor device is desired, the semiconduc 
tor ?lm is formed from a single crystalline semiconductor 
?lm having a different lattice constant or different lattice siZe 
than the underlying semiconductor substrate upon Which it 
is groWn, so that the semiconductor ?lm is under strain. In 
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an embodiment of the present invention, the single crystal 
line silicon ?lm 316 has a larger lattice constant or lattice 
siZe than the underlying semiconductor substrate 300. In an 
embodiment of the present invention, the single crystalline 
semiconductor ?lm 316 has a smaller lattice siZe or constant 
than the underlying semiconductor substrate 300. 

[0036] In an embodiment of the present invention, the 
semiconductor ?lm 316 is an epitaxial silicon germanium 
alloy ?lm selectively groWn on a silicon monocrystalline 
substrate 300. A silicon germanium alloy can be selectively 
groWn in an epitaxial reactor utiliZing a deposition gas 
comprising, dichlorosilance (DCS), H2, germane (GeH4), 
and HCl. In an embodiment of the present invention, the 
silicon germanium alloy comprises betWeen 5-40% germa 
nium and ideally betWeen 15-25% germanium. In an 
embodiment of the present invention, epitaxial semiconduc 
tor ?lm 316 is a single crystalline silicon carbon alloy 
formed on a silicon substrate 300. The single crystalline 
semiconductor ?lm 316 is deposited to a thickness desired 
for the thickness of the semiconductor body. In an embodi 
ment of the present invention, it is groWn or deposited to a 
thickness less than the height of the top surface of isolation 
regions 312. In this Way, the isolation regions 312 con?nes 
the semiconductor ?lm 316 Within the trench so that a 
semiconductor ?lm With nearly vertical sideWalls is formed. 
Alternatively, semiconductor ?lm 316 can be blanket depos 
ited over substrate 300 including Within trench 314 and on 
top of isolation regions 312 and then polished back so that 
the semiconductor ?lm 316 is removed from the top of the 
isolation regions and remains only Within trenches 314 as 
shoWn in FIG. 3E. 

[0037] In an embodiment of the present invention, the 
semiconductor ?lm 316 is an undoped or intrinsic semicon 
ductor ?lm. In an embodiment of the present invention, 
When fabricating a p type device, the semiconductor ?lm 
316 doped to an n type conductivity With a concentration 
betWeen 1><1016 to 1><1019 atoms/cm3. In an embodiment of 
the present invention, When fabricating an n type device the 
semiconductor ?lm 316 is doped to a p type conductivity 
With a concentration betWeen 1><1016 to 1><1019 atoms/cm3. 
The semiconductor ?lm 316 can be doped during deposition 
in an “insitu” process by including a dopant gas in the 
deposition process gas mix. Alternatively, the semiconduc 
tor ?lm 316 can be subsequently doped by, for example, ion 
implantation or thermal diffusion to form a doped semicon 
ductor ?lm 316. 

[0038] Next, isolation regions 312 are etched back or 
recessed to expose the sideWalls 320 of semiconductor ?lm 
316 and thereby form semiconductor bodies 318 as shoWn in 
FIG. 3F. Semiconductor bodies 318 have nearly vertical 
sideWalls 320 because semiconductor ?lm 316 Was laterally 
con?ned by isolation regions 312 during deposition. Isola 
tion regions 312 are etched back With an etchant Which does 
not signi?cantly etch the semiconductor ?lm 316. When 
semiconductor ?lm 316 is a silicon or silicon alloy isolation 
regions 312 can be recessed utiliZing a Wet etchant com 
prising HF. In an embodiment of the present invention, 
isolation regions are etched back to a level so that they are 
substantially planar With the top surface of the active regions 
308 formed in semiconductor substrate 300 as shoWn in 
FIG. 3F. 

[0039] Next, as shoWn in FIG. 3G, a semiconductor 
capping layer 322 is formed on the top surface 319 and 
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sidewalls 320 of semiconductor body 318. Semiconductor 
capping layer 322 is a single crystalline semiconductor ?lm. 
In an embodiment of the present invention, the semicon 
ductor capping layer 322 is formed of a material having a 
different lattice constant or siZe than semiconductor body 
318. In an embodiment of the present invention, semicon 
ductor capping layer 322 is a single crystalline silicon ?lm. 
In an embodiment of the present invention, semiconductor 
capping layer 322 is a single crystalline silicon ?lm formed 
on a silicon germanium alloy body 318. In an embodiment 
of the present invention, semiconductor capping layer 322 is 
a single crystalline silicon ?lm formed on a silicon-carbon 
alloy semiconductor body 318. A single crystalline silicon 
capping layer 322 can be selectively deposited in an epi 
taxial deposition reactor utiliZing a process gas comprising 
DCS, HCl and H2. In an embodiment of the present inven 
tion, semiconductor capping layer 322 is formed to a thick 
ness less than an amount Which Will cause substantial 
relaxation in semiconductor capping layer 322. In an 
embodiment of the present invention, semiconductor cap 
ping layer 322 is formed to a thickness sufficient to enable 
the entire inversion layer to be formed in the capping layer 
When the transistor is turn “ON”. In an embodiment of the 
present invention, semiconductor capping layer 322 is 
formed to a thickness betWeen 50-300 A. In an embodiment 
of the present invention, semiconductor capping layer 322 is 
an undoped or intrinsic semiconductor ?lm. In an embodi 
ment of the present invention, semiconductor capping layer 
322 ils9 doped to an n type conductivity betWeen 1><1016 to 
1x10 atoms/cm3When forming a p type device and is doped 
to a p type conductivity betWeen 1><1016 to 1><1019 atoms/ 
cm3 When forming an n type device. In an embodiment of 
the present invention, semiconductor capping layer 322 is 
doped in an insitu deposition process. Alternatively, capping 
layer 322 can be doped by other Well knoWn techniques, 
such as by ion implantation or solid source diffusion. 

[0040] Next, as shoWn in FIG. 3H, a gate dielectric ?lm 
324 is formed on capping layer 322 formed on the sideWalls 
320 of semiconductor body 318 and is formed on the 
capping layer 322 formed on the top surface 319 of semi 
conductor body 318 as shoWn in FIG. 3H. In an embodi 
ment of the present invention, gate dielectric layer 324 is a 
groWn gate dielectric layer, such as but not limited to a 
silicon dioxide layer, a silicon oxynitride layer or a combi 
nation thereof. Asilicon oxide or silicon oxynitride layer can 
be groWn on semiconductor capping layer utiliZing a Well 
knoWn dry/Wet oxidation process. When gate dielectric layer 
324 is groWn it Will form only on semiconductor containing 
areas, such as capping layer 322 and not on isolation regions 
312. Alternatively, gate dielectric layer 324 can be a depos 
ited dielectric layer. In an embodiment of the present inven 
tion, gate dielectric layer 324 is a high K gate dielectric 
layer, such as a metal oxide dielectric layer, such as but not 
limited to hafnium oxide, Zirconium oxide, tantalum oxide 
and titanium oxide. Ahigh K metal oxide dielectric layer can 
be deposited by any Well knoWn technique, such as chemical 
vapor deposition or sputter deposition. When gate dielectric 
layer 324 is deposited it Will also form on isolation regions 
312. 

[0041] Next, as shoWn in FIG. 3H, a gate electrode 
material 326 is blanket deposited over substrate 300 so that 
it deposits onto and around gate dielectric layer 324. That is, 
the gate electrode material is deposited onto the gate dielec 
tric layer 324 formed on capping layer 322 formed on the top 
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surface of semiconductor body 318 and is formed or adja 
cent to capping layer 322 formed on the sideWalls 320 of 
semiconductor body 318. In an embodiment of the present 
invention, the gate electrode material 326 is polycrystalline 
silicon. In an embodiment of the present invention, the gate 
electrode material 326 is a metal ?lm. In an embodiment of 
the present invention, gate electrode material 326 is a metal 
?lm having a Work function tailored for an n type device and 
in an embodiment of the present invention, the gate elec 
trode material is metal ?lm having a Work function tailored 
for a p type device. Gate electrode material 326 is formed to 
a thickness suf?cient to completely cover or surround semi 
conductor bodies 318, capping layer 322 and gate dielectric 
layer 324 as shoWn in FIG. 3H. 

[0042] Next, as shoWn in FIG. 31, the gate electrode 
material 326 and gate dielectric layer 324 are patterned by 
Well knoWn techniques to form a gate electrode 330 and a 
gate dielectric layer 328. Gate electrode material 326 and 
gate dielectric layer 324 can be patterned utiliZing Well 
knoWn photolithography and etching techniques. Gate elec 
trode 330 has a pair of laterally opposite sideWalls 332 
Which de?ne the gate length of the device. In an embodiment 
of the present invention, laterally opposite sideWalls 332 run 
in a direction perpendicular to semiconductor bodies 318. 
Although, a subtractive process is shoWn for the formation 
of gate electrode 330, other Well knoWn techniques, such as 
a replacement gate process may be utiliZed to form gate 
electrode 330. 

[0043] Next, as also shoWn in FIG. 31, a pair of source/ 
drain regions 340 are formed in capping layer 332 and 
semiconductor body 318 on opposite sides of gate electrode 
330. When forming an n type device, source/drain regions 
can be formed to an n type conductivity With a concentration 
betWeen 1><102O to 1><1021 atoms/cm3. In an embodiment of 
the present invention, When forming a p type device, source/ 
drain regions having a p type conductivity With a concen 
tration betWeen 1><102O to 1><1021 atoms/cm3 can be formed. 
Any Well knoWn technique, such as ion implantation or 
thermal diffusion, may be utiliZed to form the source/drain 
regions. When ion implantation is used, the gate electrode 
330 can be used to mask the channel region of the transistor 
from the ion implantation process and thereby self-aligning 
the source/drain regions 340 With the gate electrode 330. 
Additionally, if desired, source/drain regions may include 
sub-regions, such as source/drain extensions and source/ 
drain contact regions. Well knoWn processes including for 
mation of spacers can be utiliZed to form the sub-regions. 
Additionally, if desired, silicide can be formed on the 
source/drain regions 340 and on top of the gate electrode 330 
to further decrease the electrical contact resistance. This 
completes the fabrication of bulk nonplanar transistor hav 
ing strain enhanced mobility. 

[0044] Well knoWn “back end” techniques can be utiliZed 
to form metal contacts, metalliZation layers and interlayer 
dielectrics to interconnect various transistors together into 
functional integrated circuits, such as microprocessors. 

[0045] A valuable aspect of the present invention, is that 
the capping layer increases the gate Width of the transistor. 
In this Way, minimum feature dimension and spacing can be 
used to form the semiconductor bodies and then the capping 
layer can be formed on and around the minimally de?ned 
semiconductor bodies to increase the gate Width of the 
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device. This increases the current per area of the device 
Which improves device performance. Formation of a cap 
ping layer on minimally de?ned and separated features 
reduces the distance betWeen minimally spaced bodies to a 
distance less than the critical dimension or less than the 
dimension achievable With photolithography process used to 
de?ne the device. In this Way, the formation of a capping 
layer enables larger gate Width to be achieved With each 
semiconductor body While still de?ning the bodies With the 
minimum critical dimensions (CD) and spacing. UtiliZing a 
capping layer to increase the gate Width is valuable even in 
applications Which do not require or desire stress enhanced 
mobility. As such, embodiments of the present invention 
include applications Where, for example, silicon capping 
layers are formed on minimally spaced silicon bodies in 
order to increase the gate Width of the fabricated transistor. 
Additionally, use of a capping layer to increase gate Width 
per area is useful in non-bulk devices, such as tri-gate or 
nonplanar devices formed on insulated substrates, such as in 
silicon on insulator (SOI) substrates. 

[0046] In embodiments of the present invention, stacks of 
semiconductor ?lms (i.e., bulk semiconductor 300, semi 
conductor body 318 and capping layer 322) are engineered 
to produce high strain in the capping layer 322 Which can 
dramatically increase carrier mobility. FIG. 5 illustrates hoW 
a bulk silicon monocrystalline silicon substrate, a silicon 
germanium alloy semiconductor body 320 and a silicon 
capping layer 322 can produce high tensile stress in the 
silicon capping layer 322. When groWing an epitaxial silicon 
germanium alloy ?lm 316 on a monocrystalline substrate 
300 (FIG. 3E) the lattice constant of the plane 502 of the 
silicon germanium ?lm 318 parallel to the surface of the 
silicon monocrystalline substrate 300 is matched to the 
silicon lattice of the bulk silicon substrate 300. The lattice 
constant of the plane 504 of the silicon germanium alloy 316 
perpendicular to the silicon substrate surface is larger than 
the plane 502 parallel to the silicon substrate 300 due to the 
tetragonal distortion of the silicon germanium epitaxial ?lm 
316. Once the isolation regions 312 are recessed (FIG. 3F) 
to form silicon germanium body 318 the silicon germanium 
lattice on the top 319 Will expand and the lattice constant on 
the sides Will contract due to the presence of free surface. In 
general the lattice constant on the sideWall 320 of the silicon 
germanium alloy 318 Will be larger than the lattice constant 
on the top surface 319 of the silicon germanium alloy Which 
Will be greater than the lattice constant of the silicon 
germanium alloy on the silicon monocrystalline substrate. 
When a silicon capping layer 322 is groWn on the strained 
silicon germanium alloy, (FIG. 3G) the silicon germanium 
alloy 318 Will impose its lengthened vertical cell dimension 
504 on an already smaller cell dimension of the silicon 
capping layer 322 producing a orthorhombic strained silicon 
capping layer 322 on the sideWalls of the SiGe body 318. 
Thus, the silicon capping layer formed on the sideWalls 322 
of the silicon germanium alloy Will Witness a substantial 
tensile strain and a loWer but signi?cant tensile strain on the 
top surface 319 of the silicon germanium alloy. The strain 
produced in silicon capping layer 322 is in a direction 
perpendicular to current How in the device. 

[0047] FIGS. 4A-4C illustrate a method of forming a bulk 
nonplanar transistor having strain enhanced mobility 
Wherein the capping layer is formed thicker on the top 
surface of the semiconductor body than on the sideWalls. As 
illustrated in FIG. 4A, semiconductor body ?lm 316 is 
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groWn betWeen isolation regions 312 as described With 
respect to FIG. 3E. In this embodiment, hoWever, a ?rst 
portion 410 of the capping layer is groWn on semiconductor 
body 316 prior to recessing isolation regions 312. In an 
embodiment of the present invention, silicon nitride layer 
306 is formed thicker than necessary for the semiconductor 
body 318 so that additional room is provided to enable the 
?rst portion 410 of the semiconductor capping layer to be 
groWn Within the trench 310. In this Way, the ?rst portion of 
the capping layer 410 can be con?ned Within the isolation 
regions 312. After formation of the ?rst portion 410 of the 
capping layer, the isolation regions 312 are recessed back as 
described above to form a semiconductor body 318 having 
a capping layer 410 formed on the top surface thereof as 
shoWn in FIG. 4B. Next, as shoWn in FIG. 4C, a second 
portion 412 of the capping layer is groWn on the sideWalls 
320 of the semiconductor body 318 and on the ?rst portion 
410 of the capping layer formed on the top surface 319 of 
semiconductor body 320. In an embodiment of the present 
invention, the semiconductor capping layer 410 is formed to 
a thickness substantially equal to the thickness of the second 
portion of the capping layer 412. In this Way, When a 
substantially square semiconductor body 318 is formed, the 
semiconductor body 318 plus capping layer Will still provide 
a substantially square capped body. Next, processing can 
continue as illustrated in FIGS. 3H and 3I to complete 
fabrication of the bulk nonplanar transistor having a strain 
enhanced mobility. 

1-19. (canceled) 
20. A method of forming a semiconductor device com 

prising: 
forming a pair of isolation regions in a semiconductor 

substrate, said pair of isolation regions de?ning an 
active substrate region in said semiconductor substrate 
therebetWeen, said isolation region extending above 
said substrate; 

forming a semiconductor ?lm on said active region of said 
semiconductor substrate betWeen said pair of isolation 
regions; 

etching back said isolation regions to form a semicon 
ductor body from said semiconductor ?lm Wherein said 
semiconductor body has a top surface and a pair of 
laterally opposite sideWalls; 

forming a semiconductor capping layer on said top sur 
face and said sideWalls of said semiconductor body; 

forming a gate dielectric layer over said capping layer 
formed on said sideWalls of said top surface of said 
semiconductor body; 

forming a gate electrode having a pair of laterally oppo 
site sideWalls on and around said gate dielectric layer; 
and 

forming a pair of source/drain regions in said semicon 
ductor body on opposite sides of said gate electrode. 

21. The method of claim 20 Wherein said semiconductor 
?lm is selectively groWn from said active region of said 
semiconductor substrate. 

22. The method of claim 20 Wherein said capping layer is 
selectively groWn from said semiconductor body. 

23. The method of claim 20 Wherein said isolation regions 
are etched back With a Wet etchant. 
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24. The method of claim 20 wherein said semiconductor 
capping layer has a tensile stress. 

25. The method of claim 24 Wherein said semiconductor 
capping layer has a greater tensile stress on the sideWalls of 
said semiconductor body than on the top surface of said 
semiconductor body. 

26. The method of claim 24 Wherein said source/drain 
regions are n type conductivity. 

27. The method of claim 20 Wherein said semiconductor 
substrate is a silicon substrate and Wherein said semicon 
ductor body is a silicon germanium alloy and Wherein said 
semiconductor capping layer is silicon. 

28. The method of claim 20 Wherein said semiconductor 
capping layer has a compressive stress. 

29. The method of claim 28 Wherein said semiconductor 
capping layer has a greater compressive stress on the side 
Walls than on the top surface of said semiconductor body. 

30. The method of claim 28 Wherein said semiconductor 
substrate is a monocrystalline silicon substrate, Wherein said 
semiconductor body comprises a silicon-carbon alloy and 
Wherein said semiconductor capping layer an eXpitaXial 
silicon. 

31. The method of claim 28 Wherein said source/drain 
regions are p type conductivity. 

32. A method of forming a semiconductor device com 
prising: 

forming a pair of spaced apart isolation regions in a 
semiconductor substrate, said spaced apart isolation 
regions de?ning an active substrate area in said sub 
strate Wherein said isolation regions eXtend above said 
active substrate area; 

forming a semiconductor ?lm on said active area of said 
substrate betWeen said isolation regions; 

forming a ?rst capping layer on said top surface of said 
semiconductor ?lm betWeen said isolation regions; 

etching back said isolation regions to form a semicon 
ductor body having a top surface With said ?rst capping 
layer and a pair of laterally opposite sideWalls; 

forming a second capping layer on said ?rst capping layer 
on the top surface of said semiconductor body and on 
said sideWalls of said semiconductor body; 

forming a gate dielectric layer on said second capping 
layer on said ?rst capping layer on said semiconductor 
body and on said second capping layer on said side 
Walls of said semiconductor body; 

forming a gate electrode having a pair of laterally oppo 
site sideWalls on and around said gate dielectric layer; 
and 

forming a pair of source/drain regions in said semicon 
ductor body on opposite sides of said gate electrode. 

33. The method of claim 32 Wherein said ?rst and second 
capping layer are epitaXial silicon and Wherein said semi 
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conductor body is a silicon germanium alloy and Wherein 
said semiconductor substrate is a silicon monocrystalline 
substrate. 

34. The method of claim 32 Wherein said ?rst and second 
capping layer are epitaXial silicon, Wherein said semicon 
ductor body is a silicon-carbon alloy and Wherein said 
semiconductor substrate is a silicon monocrystalline sub 
strate. 

35. The method of claim 32 Wherein said ?rst and second 
semiconductor capping layers have a tensile stress. 

36. The method of claim 32 Wherein said ?rst and second 
semiconductor capping layers have a compressive stress. 

37. The method of claim 32 Wherein said semiconductor 
?lm has a different lattice structure than said semiconductor 
substrate so that said semiconductor ?lm has a stress formed 
therein. 

38. A method of forming a semiconductor device com 
prising: 

forming a ?rst semiconductor body and a second semi 
conductor body on a substrate, said ?rst and said 
second semiconductor bodies each having a top surface 
and a pair of laterally opposite sideWalls, said ?rst 
semiconductor body and said second semiconductor 
body separated by a distance; 

forming a semiconductor capping layer on said sideWalls 
and said top surface of said ?rst and said second 
semiconductor bodies; 

forming a gate dielectric layer on said top surface and said 
sideWalls of said ?rst and said second semiconductor 
bodies; and 

forming a gate electrode on said gate dielectric layer on 
said top surface of said ?rst and second semiconductor 
bodies and adjacent to said gate dielectric layer on said 
sideWalls of said ?rst and second semiconductor bod 
1es. 

39. The method of claim 38 Wherein said semiconductor 
bodies are de?ned utiliZing a photolithography process and 
Wherein said distance separating said ?rst and second bodies 
is the minimum dimension achievable by said photolithog 
raphy process. 

40. The method of claim 39 Wherein said ?rst and second 
semiconductor bodies having a Width equal to the smallest 
dimension de?nable by said photolithography process. 

41. The method of claim 38 Wherein said semiconductor 
body is an epitaXial silicon ?lm and Wherein said semicon 
ductor capping layer is an epitaXial silicon ?lm. 

42. The method of claim 38 Wherein said semiconductor 
body is an epitaxial silicon germanium alloy ?lm and 
Wherein said semiconductor capping layer is an epitaXial 
silicon ?lm. 


